Neural tissue engineering aims at producing a simulated environment using a matrix that is suitable to grow specialized neurons/glial cells pertaining to CNS/PNS which replace damaged or lost tissues. The primary goal of this study is to design a compatible scaffold that supports the development of neural- 
Introduction
Neurological Disorders (ND) are diseases that impair the central nervous system and the peripheral nervous system. NDs are caused due to multiple factors such as trauma, neuroinfections, autoimmune diseases, degeneration or loss of functional neurons and environmental factors. NDs weaken the structure and function of the nervous system leading to diseased conditions such as Alzheimer's, Parkinson's, dementia, migraine, stroke and multiple sclerosis.
1,2 Current therapies for NDs with only chemotherapeutic drugs are ineffective though they provide temporary symptomatic relief. Moreover, progression of the disease towards the end stage cannot be controlled and only palliative therapy could be given. 3, 4 If this condition prevails without unconventional therapeutics it is feared that the number may be tripled by the year 2050. Hence neurosurgeons and neuroscientists opt for better tissue replacement therapies or cellular therapies. used as therapeutic agents to treat NDs. 6, 7 Cells could be administered via various routes like intravenous injection/ intracerebral/intraputaminal/substantia nigra implantation or even directly through vertebral artery. 8 The anatomical complexity of CNS and PNS makes the appropriate lodging of the cells more difficult. The lodged cells encounter a diseased environment where there is a lack of neurotrophic factors. 9 Although early experiments were found to be promising, the major challenge lies in the integrity of administered cells with the existing neural network. The recurrent NDs could cause huge damage to the administered therapeutic cells and there is a limited scope of protracted proliferation which is much needed to pacify the degenerative tissues. [10] [11] [12] Hence, the current therapeutics must focus on providing a comfortable, sustained, micro-environment which supports the neural regeneration with prolonged proliferation and neuroplasticity maintenance. 13 The need for structural integrity, functionality, mechanical gradients and elasticity has led to the development of various biomaterials for neural tissue engineering.
14 Poly vinyl pyrrolidone PVP, is a hydrophilic, biocompatible and temperature resistant inert polymer, widely used as a vitreous humor substitute and blood plasma expander which can be stabilized by cross linking. [15] [16] [17] Gelatin obtained due to the hydrolysis of collagen, is biocompatible, biodegradable and a FDA approved material that supports cell adhesion via RGD sequence.
18,19
Gelatin and PVP have been used for the regeneration of various types of tissues that include islet cells, osteoblasts, bone gra-ing and tissues for skin replacement. 20, 21 Though gelatin (Gel) and PVP have not been used for neural regeneration so far, in the present work effort has been made to synthesize a simple, cost effective composite. The composite would support the growth of stem cells to show that the scaffolds support prolonged and protracted culture and also maintain the plasticity of neural cells, while supporting their proliferation.
Materials & methods

Materials
The materials used in this study comprise polymers and other chemicals which include gelatin Type B (Merck), polyvinyl pyrrolidone (PVP) (MW -40 000) (Merck) and glutaraldehyde (Sigma) of 99% purity for the fabrication of the biomaterial, using double distilled water. The chemicals for cell culture include Dulbecco's Modied Eagle's Medium (DMEM) (Gibco), Dulbecco's Phosphate Buffered Saline (DPBS) cell culture grade, antibiotic-antimycotic (Invitrogen), Fetal Bovine Serum (FBS) (Invitrogen), basic broblast growth factor (bFGF) (Invitrogen), paraformaldehyde (Sigma), Triton X-100 (Sigma) and bovine serum albumin (Sigma). All the reactions were carried out using Millipore grade water for cell culture.
Scaffold fabrication
Gelatin and polyvinyl pyrrolidone (PVP) were dissolved in water. PVP and gelatin were taken such that the weight ratio was 1 : 1, 1 : 2 and 1 : 4 (PVP concentration kept as constant). The solutions were mixed with constant stirring and poured in a polypropylene Petri dish (Tarsons), (diameter -9.2 cm, thickness -1.2 cm) was allowed to gelate overnight at 25 C, which was followed by incubation at À20 C for 12 h. The scaffold aer incubation was lyophilized at À110 C and pressure of À0.002 mbar for 6 h. 22 The samples containing PVP and gelatin (PVP : gelatin) in different ratios 1 : 1, 1 : 2 and 1 : 4 will be referred to as PG11, PG12 and PG14, respectively. The scaffolds fabricated were cross-linked using 10 ml of 0.4% glutaraldehyde (Sigma) overnight and rinsed using deionized water to remove the traces of glutaraldehyde present in the scaffold. The absence of glutaraldehyde was conrmed using FTIR. The scaffolds were pre frozen (À20 C for 12 h) and lyophilized as mentioned afore.
Material characterization
2.3.1 Scanning electron microscopy (SEM). The surface morphology of PG11, PG12 and PG14 scaffolds were studied using SEM (Carl Zeiss MA15/EVO 18) at an accelerated voltage of 15 keV. The scaffold was coated with gold using a sputter coater (Quorum). The SEM micrographs of the scaffolds with cells were captured at 5 th day aer seeding 5 Â 10 4 cells onto the surface of the scaffold. These cells were washed with DPBS and the cells were xed with 4% paraformaldehyde. The paraformaldehyde was washed off with deionized water aer 4 hours. This cell laden scaffold was lyophilized as mentioned before (2.2), aer pre-freezing. Since porosity is an important feature of the scaffolds which supports the attachment and proliferation of cells, a comparative study was carried out for the obtained SEM micrographs using Image J soware (National Institute of Health, Bethesda, MD, USA).
Fourier transform infrared spectroscopy (FT-IR).
The parental compounds gelatin, PVP and the scaffolds with their various concentrations cross-linked with glutaraldehyde was studied using Attenuated Total Reection FT-IR (ATR-FT-IR). The IR spectra was obtained using Jasco International Co./ Japan Fourier Transform Infrared Spectrometer Model FTIR-6300, over a range of 400-4000 cm À1 at a resolution of 4 cm À1 .
Thermo gravimetric analysis (TGA).
The thermal degradation of the gelatin-PVP scaffolds PG11, PG12, PG14 were carried out using the 2 star system Mettler Toledo, Columbus, OH, at a steady scanning rate of 10 C min À1 under oxygen atmosphere. This was carried out on 5 mg samples in the temperature range of 100-600 C.
Tensile property.
The tensile strength of the scaffolds was carried out using Universal Testing Machine (UTM) at room temperature (UTM, H10KS, Tinius Olsen, UK using the standard of ASTM D638). The samples with dimensions 1 mm Â 9 mm Â 155 mm was used for the analysis, with a gauge length of 25 mm at a cross head speed of 10 mm min À1 . Tensile strength of the scaffolds was expressed in MPa. 2.3.5 Swelling and dissolution. The swelling properties of the PG11, PG12 and PG14 scaffolds were determined to assess the capacity of water absorption and for conrmation of the crosslinking reactions. All the samples were cut into pieces of 11 mg (W 0 ) and immersed in 2 ml of DMEM complete medium with 10% FBS. It was incubated at 37 C. The rate of swelling was studied by the uptake of medium as a function of time. The swelling ratio was calculated by measurement of the weight of the dry scaffold and the weight of the scaffold aer incubation in the medium. The ratio of swelling was calculated using eqn (1).
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Swelling ratio
where, W 0 À initial weight of sample, W 1 -weight of sample aer time.
2.3.6 Hemolysis. Hemocompatibility is an important feature of any implantable biomaterial as they rst come into contact with the blood and the rupture of erythrocytes at the site of implantation will have a negative effect on the regeneration of cells. The scaffolds were equilibrated in DPBS overnight before the addition of fresh blood. The blood used for the experiment was collected from a donor in an anticoagulant EDTA tube and diluted using DPBS. 20 ml of diluted blood was added to the scaffolds and incubated for 20 minutes at 37 C.
The reaction was stopped by the addition of 2 ml of saline and this was allowed to stand for 1 h at room temperature. The percentage of hemolysis was calculated using the formula. The blood diluted with water served as the positive control (PC) while the blood diluted with DPBS served as a negative control (NC). The tubes were centrifuged at 1800 rpm at room temperature for 10 minutes. The supernatant was collected and the Optical Density (OD) was recorded at 545 nm. 24, 25 The percentage hemolysis was calculated using the formula: Written consent was obtained from patient aer proper explanation about experiments and samples were collected in sterile container with DPBS. The IFP (adipose tissue) was minced and digested overnight using 0.075% collagenase I (PAN Biotech) enzyme. The collagenase digest was then ltered using a 70 mm cell strainer (BD Biosciences) and centrifuged. The pellet (stromal vascular Fraction) was plated using DMEM (Gibco), with 10% (v/v) FBS (Gibco) and 60 mg antibiotic-antimycotic (Gibco) (DMEM complete medium) in 58 cm 2 sterile Petri dish.
When they were 80% conuent, the cells were trypsinised using 0.25% trypsin-EDTA (Gibco) and passaged. The cells from passage 2 were used for further experiments. 26, 27 The cells thus isolated from Infrapatellar Fat Pad (IFP) tissue will hence be referred to as ASCs. The expanded ASCs population was divided into two groups, wherein one group was seeded on the scaffold to check the protracted proliferation and the other group was differentiated to neurons in 2D environment aer which they were seeded on the scaffold to check the compatibility and plasticity. 2.4.2 Neural induction. The ASCs from passage 2 were taken and washed with DPBS thrice, further they are treated with 20 ng ml À1 of bFGF in DMEM (serum free medium) which served as the Neural Induction Medium. The cells were exposed to bFGF continuously for 2 weeks aer which they were exposed intermittently, every three days. overnight. For the characterization of ASCs, cells from passage 2, day 14 were used. For characterization of differentiated neurons, cells from passage 7, day 45 were used. They were then washed with DPBS and the cells were permeabilized with the detergent 0.2% Triton X-100 for 4 minutes followed by DPBS washing. Later, they were exposed to 1% Bovine Serum Albumin (BSA), blocking buffer for 1 hour at room temperature. The primary antibodies in the blocking buffer (1 : 200) were added and incubated at 4 C overnight. This was washed with DPBS for thrice before the addition of appropriate secondary antibodies conjugated with uorescein isothiocyanate (FITC) in the blocking buffer (1 : 500). This was incubated for 2 hours at room temperature in a dark room. 29 The cells were washed with DPBS and mounted with glycerol mounting medium and viewed under the uorescence microscope (Leica DM 2500). The antibodies used in the study are from Santa Cruz Biotechnology, Inc. Switzerland and is tabulated in Table 1. 2.4.4 Hematoxylin and eosin staining. A conuent layer of ASCs and differentiated neuronal cells were xed using 4% paraformaldehyde and then stained with Mayer's hematoxylin using the standard protocol. Then, the cells were mounted using di-n-butylphthalate in xylene solution. 2.4.6 Live/dead assays. The distribution and viability of ASCs and differentiated neurons seeded on the scaffold were studied using AO/PI staining. 10 ml of 1 mM acridine orange and 90 ml of 1 mM Propidium Iodide (PI) was mixed together and diluted 10 times with DPBS before using for the 3D culture.
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The ASCs and differentiated neurons were plated onto the surface of the scaffolds in a 24 well plate at 1 Â 10 4 cells per well. The cells were stained with AO/PI mix at days 21, 23, 25, aer seeding to check the viability on protracted culture. The scaffolds were washed with DPBS before staining them with AO/ PI. This was visualized using a uorescence microscope (Leica DM 2500).
Real time PCR
2.4.7.1 RNA isolation from scaffold. RNA Later solution (Sigma-Aldrich) was added to all the scaffolds and incubated before extraction of the RNA. Total RNA was isolated from the scaffold seeded with control ASCs and differentiated neurons using Trizol reagent (Invitrogen). 1 ml of Trizol reagent was added to the 100 mg of PG11, PG12, PG14 and homogenized until it formed a ne paste. The contents were then transferred to a fresh sterile Eppendorf tube. 200 ml of chloroform was added and shaken vigorously for 15 seconds and incubated for 2-3 minutes at room temperature, followed by centrifugation at 14 000 rpm for 15 minutes at 4 C. The aqueous layer was collected and 500 ml of 100% IPA was added. It was incubated for 10 minutes at room temperature and then centrifuged at 14 000 rpm for 15 minutes at 4 C.
Supernatant was discarded and the pellet thus obtained was washed with 200 ml of 75% of ethanol (Merck). It was then centrifuged at 14 000 rpm for 5 minutes at 4 C in a cooling centrifuge (RemiCM12). The RNA pellet was dried and suspended in TE buffer. The quantity and quality of the RNA was measured using the bio-photometer (Eppendorf). The purity of the RNA was determined by the A260/280 absorbance ratio > 1.8.
Gene expression analysis by real time-PCR (qPCR).
Template complementary DNA was synthesized using the cDNA preparation kit (Thermoscientic, Product code-AB1453A, Verso cDNA Synthesis kit). All real-time PCR reactions were performed using SYBR Green Master Mix (Applied Biosystem, Life technologies) using Light Cycler 96 [Roche].
The nal volume for each reaction was 20 mL, which comprised 10 mL of the master mix, 10 mM each of primers set (forward and reverse), 5 ng of cDNA (volume depending upon the concentration) and sterile distilled water (dH2). Each reaction mix was transferred to a single well of a well plate. The plates were centrifuged at 1000 Â g for 1 minute to remove any air bubbles which might affect the efficiency of the PCR. A twostep cycling program was used for all the reactions as follows: 95 C for 10 minutes and 40 cycles of 95 C for 15 seconds and 60 C for 60 seconds. The melting curves were checked to conrm the presence of only one amplied product. The relative gene expression of each gene analyzed was normalized to the expression levels of housekeeping genes. All the results were analyzed using Light Cycler 96 SW 1.1. In each analysis, the sample of the lowest expression was assigned the value of 1 and used as a calibrator. All reactions were performed in triplicates and the data were analyzed according to the DDC t method. The primer sequences used are summarized in Table 2 .
Results
Scaffold topological study using scanning electron microscope (SEM)
The topological morphology specied by SEM micrographs revealed that the PG11 scaffolds have open, and elongated pores measuring $ 185 mm in diameter, forming a semi Inter Penetrating Network (IPN), enabling cell attachment and free ow of nutrients and signaling molecules. With an increase in the concentration of gelatin, PG12 scaffolds result in the collapse of the IPN structure and formation of heterogenous pores with an average diameter of 150 mm. At higher concentrations of gelatin, PG14 scaffolds result in the formation of very small pores and non -uniform grooves on the surface, which hypothetically increases the roughness of the surface. As the concentration of gelatin increases from PG11 to PG14, the open porous structures disappear and only small pores with grooves on the surface appear. All these surface modications aid in the attachment and proliferation of ASCs and differentiated neurons, as shown in Fig. 1A . The SEM micrographs of the ASCs seeded on the scaffolds are shown in Fig. 1B and the neuronal lineage cell laden scaffolds are visualized in Fig. 1C . The characteristic FTIR spectrum clearly evidences the presence of gelatin and PVP, and conrms crosslinking.
The TGA thermogram of gelatin presents the weight loss due to the evaporation of the water contained in the sample, followed by the main thermal degradation peak, with onset in the weight loss around 240 C shown in Fig. 2B . The minimum in the weight derivative appears at 320 C Fig. 2C . The major weight loss corresponding to the thermal degradation of PVP 
C. This fact allows separating the thermal degradation of both components present in the scaffolds in their TGA thermograms. As shown in Fig. 2B , the weight loss corresponding to the degradation of PVP appears as a shoulder in the high temperature side of the thermal degradation of gelatin, but in the derivative plot it can be observed as a small peak in the same temperature interval in which degradation of pure PVP takes place. On the other hand, their residual weight at high temperatures is quite signicant in gelatin at 550 C and it corresponds to 23% of the initial weight of the sample. In the scaffolds, the residual weight is in between that of the pure components as expected and its value can be used to get an estimation of the PVP content in the sample. The remaining mass of the scaffold sample at 550 C in the TGA thermogram f 550 ¼ M 550 /M 0 , being M 0 the initial mass of the dry sample calculated at 240 C and M 550 the measured mass in the thermogram at 550 C, can be expressed as
where f 550 gel and f 550 PVP are the remaining mass at 550 C measured in the TGA thermograms of pristine gelatin and pristine PVP respectively. From eqn (3) one can obtain the PVP/ gelatin mass ratio in the scaffold
Interestingly, the PVP content in the scaffolds is not very different in the two compositions, and it is smaller than expected from the PVP/gelatin mass ratio added in the sample preparation. It results to 0.22 and 0.19 in PG11 and PG14 scaffolds, respectively. The small fraction of PVP in the scaffold determined from the residual weight at 550 C is in agreement with the small peak observed around 440 C in the weight derivative thermogram. 20 
Swelling
Swelling and degradation of the scaffolds depends on the degree of crosslinking and the concentration of the polymers. The swelling ratio of the scaffolds is shown in the Fig. 2D . The scaffolds reach equilibrium and stabilize aer an hour which may be due to the dissolution of uncrosslinked polymers, causing an initial decrease. 34 In PG14, with high gelatin content, the swelling rate reaches its peak by 15 minutes aer incubation in the aqueous medium, aer which the swelling rate slows down. In contrast, in the rst 15 min, PG11 with equal parts of gelatin and PVP showed comparatively less rate of swelling than its two counterparts. The swelling rate of PG12 is intermediary between PG11 and PG14. In this rapid swelling period, the swelling was approximately 100%. The scaffolds are highly stable and have good handling properties throughout the experiments in cell culture media. These scaffolds can be used for tissue engineering where they will be intact until the resultant tissue starts regenerating.
Mechanical studies
The mechanical properties of the samples were studied using a thermal mechanical analyser. The mechanical properties of the scaffolds in dry and wet state have been recorded. Table 3 shows the tensile strength of the scaffolds varies from 0.028 + 0.005 to 0.052 + 0.020 in the wet state and 1.071 + 0.71 to 2.373 + 0.83 in the dry state. The increase in the dry state may be due to the presence of PVP which is a plasticizer. 20 There is no significant difference in the tensile properties of the scaffolds at three different concentrations. Although the scaffolds possess low mechanical properties, they exhibit a good elastic property, which is an advantage to be used in neural tissue engineering. The biocompatibility and cell proliferation studies conrm that the mechanical properties ensured by the scaffold can sustain the mechanical forces caused due to cellular and molecular processes of proliferating stem cells and neurons.
Hemolysis
The scaffolds were subjected to an indirect method of contact of the red blood corpuscles. The rupture of the RBC's resulted in the formation of a red colored supernatant solution similar to the positive control. The tests were conducted in accordance with the ISO 10993, a standard protocol. All the three variations of the synthesized scaffolds showed very low readings almost equal to that of the negative control, proving the hemocompatible nature of the scaffolds. 24, 25 3.6 Immunocytochemical characterization 3.6.1 ASCs characterized with lineage specic markers proved they are stem cells with pluripotency markers. ASCs from passage 2, day 14 cultured on individual cover slips in 35 mm Petri plates were washed and xed for immunocytochemical analysis. The ASCs were characterized using markers as shown in Table 1 . Mesenchymal Stem Cell (MSC) markers, CD105 and CD166 along with embryonic stem cell (ESC) markers Nanog and nucleostemin were expressed in ASCs. The isolated ASCs were MSC with ESC properties (Fig. 3) . CD105, (endoline) part of the transforming growth factor-b receptor complex is involved in the cell survival and differentiation process and is a cell surface marker of stem cells.
35,36 CD166 (ALCAM) belonging to immunoglobulin super families, a cell adhesion molecule involved in homotypic and heterotypic interactions of stem cells. This is a type I transmembrane glycoprotein also involved in cell signaling. 37 a transcription factor is a key regulator of pluripotency. Nanog along with OCT4 and SOX2 plays a crucial role in maintaining pluripotency. 36 Nucleostemin, a proliferative marker functions as a cell-cycle regulator and retains the proliferation of stem cells. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as an endogenous positive control. The ASCs have been earlier characterized using FACS analysis to determine the number of cells that maintain the stem cell properties. (Fig. 4) . SNAP-25, synaptosomal associated protein, a presynaptic protein present in the peripheral plasma membrane of neuronal cells. SNAP-25 involved in neurite outgrowth through vesicle fusion was expressed. 39 The differentiated neurons exhibit Neurolament Light (NF-L), an intermediate lament also a cytoplasmic structural protein predominantly present in neurite outgrowths of the neuronal cells. NF-L endow the mechanical strength, axonal outgrowth and synaptic plasticity along with NF-H and NF-M. 40 Neuron Specic Enolase (NSE), gamma enolase, a glycolytic enzyme is a specic marker highly expressed in differentiated neuronal cells. NSE provides neuroprotection against neurodegeneration and aids in neuronal maturation. 41 During neural development anterograde transportation of active zone components along the neuronal processes is carried out by syntabulin, a part of kinesin adaptor complex aiding in the assembly of pre synaptic complex is also expressed in neuronal cells. 42 Nucleostemin, a proliferative marker is a characteristic feature of neural stem cells and neuroprogenitor cells. The expression of the proliferative marker diminishes as the cells terminally differentiate. This is a dynamic GTPase protein expressed in the nucleoli of the stem cells and neuronal cells.
Nanog,
Cell proliferation and viability
To evaluate the cell adhesion and proliferation MTT assay was performed. As shown in the Fig. 6A , > 95% of viability and growth of IFPCs seeded on the scaffold was observed at PG11, 12 and 14 on day 1, 3, and 5. There was no signicant change observed in the proliferation pattern of ASCs. Unlike ASCs, the differentiated neuronal cells when grown in different ratios of gelatin and PVP exhibited different growth proles. The proliferation percentage was also observed to be less than ASCs as shown in Fig. 6B . It was observed that the cells exhibited prominent proliferative percentages at PG11 on day 5 and signicantly less proliferation was seen at PG12 on day 11. The scaffold remains relatively stable throughout the experiment supporting the proliferation of both the cell types. Live/dead assay using AO/PI was also performed to analyze the biocompatibility of the Gel-PVP scaffolds. ASCs and differentiated neurons were seeded on the surface of all the variants of the scaffold and maintained for 25 days. The green uorescent staining showed that most ASCs and differentiated neurons cultured on the scaffolds in prolonged period were live cells as they are only permeable to AO. We observed that both types of cells seeded on the surface were grown in all layers of the scaffold, which implies that the cells were able to penetrate through the open porous and semi IPN structures.
Quantitative expression analysis using qPCR revealed the cell -specic markers expressed in ASCs and differentiated neurons
ASCs seeded on the scaffold were analyzed for MSC markers to validate themselves as stem cells with proliferative marker. ASCs positively expressed CD44, CD166 and nucleostemin (Fig. 5A) . On scaffold the stem cells remains intact with good proliferation capacity. Similarly, differentiated neurons seeded on the scaffold were evaluated for neuron-specic markers. The neurolament light and medium chain were positively expressed in differentiated neurons seeded on all variants of the scaffold, validates that they were not dedifferentiated (Fig. 5B) . In addition to characterize the types of neurons, gene associated with production of neurotransmitters were also analyzed. PG11 having semi IPN structure highly supports the TH expressing neurons whereas GAD67 expressing neurons is completely absent. PG12 and PG14 showed the same pattern of neurons cultured on these scaffolds and expressed all the genes associated with neurotransmitters tested TH, SLC6A4, GAD67 and ChAT (Fig. 8 ). Positive expression of these genes at variants of scaffold at the mRNA level validates that the transdifferentiation of MSCs towards a neural-lineage remains intact in 3D matrix too. This also evidences the fact that the scaffolds maintain the neuroplasticity of the neurons seeded on them, an important aspect of neural tissue engineering. 
Discussion
Neural tissue regeneration is a challenging eld of tissue engineering and bio-fabrication due to its unique ECM with a delicate mechanical strength. The synthesis of a 3D matrix which mimics the structural integrity of the brain is much more complex. 43, 44 The freeze drying technique allows us to obtain an intricate microporous structure using a wide range of natural and synthetic polymers. 44 The complex pore morphology not only helps in cell attachment and proliferation but also helps in differentiation.
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MSCs are easy available, multipotent, expandable and capable of three germ layer differentiation. MSCs along with a 3D matrix is a suitable material and holds great promise in so tissue regeneration. Tu X. et al., combined 3D printing technology and freeze drying to produce a porous scaffold using gelatin and polyethylene glycol diacrylate for the proliferation and differentiation of neuroprogenitor cells.
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They concluded that the porous gelatin structure provides cues for conduction of neural impulse and reported the advantage of using gelatin in the composite. In vitro mesenchymal stem cell response was studied in PVP modied bioactive glass bers as tissue constructs. Hatcher BM (2003) , observed that the PVP led to stearic stabilization and enhanced shelf-life of the construct, along with enhanced control of the rheological property. The advantage of porosity and enhanced shelf life of the construct in cell proliferation, adhesion and differentiation has been reported. 47 But differentiating stem cells to neurons in 3D construct itself is practically tough. Hence in this study we isolated stem cells from Infrapatellar Fat Pad (IFP) cells and expanded in vitro (primary cells). The expanded ASCs population was divided into two groups, wherein one group was seeded on the scaffold to check the protracted proliferation and the other group was differentiated to neurons in 2D environment aer which they were seeded on the scaffold to check the compatibility and plasticity.
The present study involves the synthesis of a scaffold with optimal biocompatibility and mechanical properties comprising of synthetic PVP and naturally occurring gelatin. The synthetic materials do not take an active part in cellular adhesion and interactions although they can be produced in large numbers and are exible to tuning of biophysical properties. At the same time, disordered random coil structure of gelatin obtained from collagen used in this study has linear RGD (Arg-Gly-Asp) sequences which acts as a cell adhesive motif. 48 The presence of divalent ions in the culture medium aids the attachment of cells to gelatin based scaffold through many integrins primarily of, a5b1 and a v b3. 48, 49 In our effort to produce a 3D matrix for neural tissue engineering, the freeze dried composites scaffolds with varying porosity, as visualized in SEM micrographs were produced. FT-IR-ATR, study of Gel-PVP blended composite reveals the presence of peaks at 1545 and 1631 cm À1 represents both the components (Fig. 2A ).
Thermal analysis (Fig. 2B and C) revealed the degradation pattern of both the components. This implies that the composite has perfect blending without the traces of glutaraldehyde which supports cell adhesion, proliferation and differentiation. At lower concentrations pore sizes of 185 mm to 150 mm were observed whereas at higher concentrations, formation of groove like structures were seen on the surface which plays a major role in the determination of the types of neurons, since porosity as a physical cue for their transformation. In addition, porosity facilitates cell adhesion, free ow of nutrients, and availability of growth factors and excretion of waste metabolites. 50, 51 The degradation rate of the scaffold is considered as an important attribute for the selection condition of implantable biodegradable scaffolds. The synthesized scaffold remained intact for over a period of 30 days (Fig. 2D ) which may be due to the presence of PVP, a temperature resistant stabilizer. 47 Eventually, the implanted tissue uses this period for a smooth transition to acquire a natural tissue. The long lasting and slow degradation of the synthesized scaffolds is witnessed in the swelling test done using DMEM culture medium at 37 C. While preparing a neural construct, much attention needs to be given to their tensile properties which impose mechanical forces on the cells, seeded on the construct. The present freeze dried Gel-PVP construct in all the variants, showed reduced stiffness and tensile properties, varying from 0.05-0.02 MPa (Table 3) which enables high proliferation when implanted in vivo. 51 Further assessment with cellular attachment, proliferation and gene expression analysis in vitro could be carried out on such a biophysically adequate scaffold.
The ASCs isolated were analyzed for both MSCs (CD166, CD44 and CD105) and ESCs markers (Nanog and nucleostemin). Expression of these stem cell associated proteins in the exact localization revealed that the isolated ASCs were MSCs of mesodermal origin. 30 At P2 d 14 the ASCs exhibit stemness (Fig. 3 and 5A ) and they are subjected to neural induction with a known inducer bFGF. 33 At P7 day 45 the ASCs are differentiated to neurons showed neurite out growth. The characterization of the resultant cells showed that they positively express the pan-neural proteins NSE, NF-M and NF-L. 52 The presence of nucleostemin, a putative GTPase and a proliferative marker Fig. 8 The quantitative gene expression of protein markers associated with neuro transmitters (TH, GAD67, ChAT and SLC6A4) was performed using real time PCR (qRT-PCR). The differential expression of the genes may be associated with the varying mechanical strength and pore size which reflects on the plasticity of the neuronal cells.
existing in nucleus (Fig. 6c) indicates that neural -lineage cells are still capable of proliferation and they are not postmitotic. 53, 54 Formation of neuronal processes, the activation of anterograde transport of mitochondria, and vesicle fusion in the growth cone have been proven by the presence of GAP43, syntabulin and SNAP 25 ( Fig. 4 and 5B). [55] [56] [57] [58] Such characterized ASCs and neuronal cells were seeded and the proliferation was analyzed using MTT. A steady highly proliferative pattern is seen with the ASCs. >95% of cells are viable and conrming that the composite supports cell attachment and proliferation of ASCs. Fig. 7B represents the uorescent images of live/dead assay (AO/PI) portraying the viability of the cells. The MTT results of neuronal differentiated cells can be correlated to the qPCR, where the varying concentrations of the scaffolds support different types of neurons. Hence, a different proliferation pattern is seen in the variants of the scaffolds (Fig. 6B) . This may be due to the fact that neuronal cells has the ability to change their form and function in response to mild mechanical alterations in the interacting environment. 59 In addition, Lins LC et al., 2016 stated that the biomechanical stimulus exerted by the scaffold to the cells play a crucial role in the proliferation and differentiation of neuron and glial cells. 60 In our observation we found that the differentiation to happened in the variants of the scaffold which was conrmed by our qPCR results. PG11 with a tensile strength of 0.034 + 0.001 MPa having semi IPN structure supports TH expressing neurons where GAD67 expressing neurons is completely absent. PG14 with tensile strength 0.028 + 0.005 MPa having less porous and grooves bearing scaffold supports a mixture of TH, GAD67, SLC6A4 and ChAT expressing neurons. PG12 with high tensile strength 0.05 + 0.02 MPa facilitates a higher growth of ChAT and TH expressing neurons. Thus, the developmental plasticity has been explained as a continuous processing which re-models the neuro-synaptic organization on prolonged incubation (24 days in scaffold) in the 3D matrix. This shows that the mechanical properties of the scaffolds are similar to that of brain tissue.
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The polymers used in the present study are highly biocompatible and bioresorbable which makes it a potent material that will be used in future for extensive studies. 62, 63 In future, studies would concentrate on augmentation of constructed 3D matrix in direct transdifferentiation of seeded ASCS to neuronal cells. Despite various clinical approaches being made to repair or regenerate neural injury, the complexity and the limitations of the nervous system, still makes it a challenge to researchers and scientists worldwide. Hence, it can be concluded that the synthesized scaffold supports the growth and proliferation of stem cells and neurons. It also aids in maintaining the plasticity of neurons which is an important feature of all neural-lineage cells.
Conclusion
Synthesizing a sustainable composite matrix system for neural regeneration was the objective of this study. The obtained scaffold was cost-effective, porous with appropriate mechanical strength, cytocompatible and they are biodegradable. The present study conrms that the gelatin-PVP blend supports the cell adhesion, survival and prolonged proliferation of ASCs and differentiated neurons with great efficacy. Further studies are needed to test the ability of the scaffold to transdifferentiate ASCs to neuronal cells directly on it with minimal culture conditions. As of now, the engineered scaffold has the mechanical strength which matches the brain tissue and supports neuroplasticity of the neurons. This 3D culture system could be used for disease modelling, toxicity testing and to study the development of neurons. Animal studies are needed to prove in vivo functionality of the scaffold.
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